Abstract-A complex manufacturing method of billets from material based on high boron nickel aluminide is proposed. The method includes manufacturing the semifinished alloy products using a combined method of self propagating high temperature synthesis and centrifugal casting from oxide feedstock and subsequent vacuum induction remelting with the introduction of Al based foundry alloys containing nanosized ZrO 2 and modifying the structure. The evolution of the microstructure and phase composition is investigated at all pro duction stages. A cast ZrO 2 modified cylindrical billet, which possess high purity in regards to gas impurities (O 0.005 wt % and N 0.0001 wt %) and is suitable for the further production of powders by the plasma rotating electrode process, is fabricated according to the proposed technology.
INTRODUCTION
In connection with the active development of addi tive fabrication technologies of complexly shaped wares, the need for precursor powders satisfying the requirements of modern installations for additive pro duction increases. To fabricate high quality ware, ini tial powders with a regular spherical shape and regu lated granularity are required [1] .
Currently, one of most promising methods of fabri cation of high quality spherical powders (granules) is plasma centrifugal sputtering of a consumed billet shaped like a cylindrical rod or ingot [2] . Currently, granules of brand alloys based on nickel, titanium, chromium, etc., are successfully fabricated according to this technology [3] [4] [5] .
To develop the aerospace industry, the develop ment of new heatproof materials operating in extreme conditions is required. Special attention is paid to alloys based on equiatomic nickel aluminide, which possess a unique combination of chemical, physical, and operational properties such as high melting point, chemical stability, low density, high refractoriness, and corrosion resistance [6, 7] . However, despite the above listed advantages, these alloys still did not acquire broad industrial implementation, which is associated with their insufficient manufacturability in view of almost zero plasticity and low strength at room temperature.
Fabrication of NiAl based alloys by classical met allurgical methods with their subsequent mechanical treatment is complicated by high brittleness of materi als and liability to cracking during treatment. This problem can be solved by using additive technologies allowing to form the ware billet close to the final form and requiring the minimal subsequent mechanical treatment [8] . Therefore, the fabrication of NiAl based granules suitable for additive technologies is currently a topical scientific and technical problem.
To use centrifugal sputtering for this purpose, a bil let shaped like a cylindrical ingot 55-80 mm in diam eter and 500-700 mm in length is required. The ini tial billet should have minimal liquation, a homoge neous microstructure, the absence of internal defects, and enough strength reserve in order to hold centrifugal loads upon sputtering with rates on the order of (16-20) × 10 3 rpm. Traditionally, ingots based on the intermetallic base are fabricated by vacuum multistage remelting tech nology of special purity grade components [9] , which is very high cost and power consuming. One relatively new direction of fabrication of heat resistant materials is SHS metallurgy [10] [11] [12] , which is a combination of two material forming processes, notably, self propa gating high temperature synthesis (SHS) [13] and metallothermy [14] . Mixtures of powders of metal oxides with a reducing agent capable of combustion are used as the initial feedstock in SHS metallurgy. In the general form, the chemical scheme for fabricating cast alloys based on nickel aluminides by SHS metal lurgy can be represented as [15] (1) The combustion temperature of such power mix tures can attain 3000°C, which exceeds the melting point of final products, metallic alloy and aluminum oxide, thus allowing us to perform the gravitation sep aration of the metallic melt from slag due to the differ ence in their specific weights and fabricate the prod ucts in a cast state. The advantages of this method are the use of oxide feedstock, which is considerably lower cost than the powder of pure metal, as well as low power inputs. In addition, SHS metallurgy allows us to fabricate half finished products of heat resistant materials with a homogeneous liquation free struc ture. However, this method is not suitable to fabricate long billets of the necessary size and geometry.
In this study, we propose the innovation complex technology of fabrication of billets based on nickel aluminide for the subsequent fabrication of granules by centrifugal sputtering, including the acquisition of
the half finished product by centrifugal SHS casting and its subsequent vacuum induction remelting (VIR). At the first stage, SHS metallurgy provides the fabrica tion of half finished products from heat resistant materials based on the intermetallic base with a homo geneous liquation free structure; at the second state, produced half finished products are subjected to VIR with the addition of aluminum foundry alloys contain ing nanoadditives in the optimal amount, which allows us to modify the alloy structure and increase its strength characteristics. This study is aimed at the evolution of the micro structure and phase composition of high boron alloy based on the equiatomic nickel aluminide for all man ufacturing stages of the proposed production flow sheet of billets for centrifugal sputtering.
EXPERIMENTAL PROCEDURES As the object of investigation, we selected alloy F 10H 3 based on nickel aluminide of the following composition, wt %: 63.0Ni, 13.6Al, 14.7Mo, 4.0Cr, 0.4Mn, 3.3B, and 1.0Hf.
To acquire a cast SHS half finished product, we used powders of oxides of nickel, molybdenum, chro mium, manganese, as well as of metals-aluminum, hafnium, and boron. Their main characteristics are presented in Table 1 .
The reaction mixture was prepared at the following component ratio, wt %: 46.9NiO + 22.5Al + 11.7MoO 3 + 2.9Cr 2 O 3 + 0.3MnO 2 + 0.1Hf + 1.7B + 10.6Al 2 O 3 + 3.3Na 3 AlF 6 . The preparation procedure of exothermic compositions included their dosing and mixing in a planetary mill for 15 min.
A ready mixture was placed into a graphite form, the inner surface of which was protected by a fireproof layer made of high melting inorganic corundum based compound. A mold was placed on a centrifuge rotor, after which the mixture was locally ignited using a tungsten coil, and the synthesis was performed in the firing mode under a centrifugal acceleration of 60 ± 10 g. After finishing the SHS process, the product was cooled and extracted from the mold. It was a bilayer ingot with a corundum based oxide solution (slag) at the top and heat resistant nickel aluminide based alloy (target product) of the specified composition at the bottom.
To process the half finished product, we performed two stage remelting in a protective inert atmosphere. Refining induction remelting of the half finished product was at the first stage performed in the induc tion furnace. Its melting was performed in a periclase crucible at 1680-1700°C in VCh argon (99.995% Ar), which filled the furnace chamber after pumping to the diffusion vacuum (10 -5 Pa) at a pressure of 95 kPa. The induction heating rate was 150 ± 30 K/min. To remove gaseous impurities, the formed melt was held at 1680-1700°C for 3 min and poured (with the switched on FABRICATION OF CAST ELECTRODES 507 inductor) into a graphite crucible 50-100 mm in diameter preliminarily established in the furnace chamber, in which the ingot was crystallized. The inductor was switched off when the process was fin ished. The formed ingot made of NiAl based heat resistant alloy was cooled in the furnace chamber in argon for 3-5 min.
At the second stage of remelting, the homogenizing induction remelting of the formed ingot was per formed with additional alloying with piece A99 alumi num (to compensate the content of Al evaporated in the course of refining remelting) and powder foundry alloys based on it with a nanodimensional modifier in the form of ZrO 2 particles. As the latter we used the plasma chemical powder with specific surface of 10-14 m 2 /g produced by Seversk Chemical Combine, Russia. Foundry alloys Al + ZrO 2 nano were introduced into the melt through a vacuum gate in a furnace chamber in an amount providing the concentration of nanoparticles from 0.5 to 1.5 vol % and aluminum content of 13.6 ± 1.0 wt % in the alloy composition.
Mixtures for the fabrication of the foundry alloy were prepared in an MPP 1 planetary ball mill pro duced by Disintegration Technique and Technology, Russia, with a gravitation factor no smaller than 90 g by mixing PA 4 aluminum powder with nanodimen sional particles in ratio 3 : 1 by weight. The diameter of milling bodies was 3-5 mm and balls : material weight ratio = 10 : 1; the treatment time was 5 min. A com pact powder foundry alloy was prepared by cold press ing in a steel mold 20-50 mm in diameter under a load of 3-5 t/cm 2 , which provided the relative density at a level of 0.7-0.9.
Conditions of secondary remelting were identical to the first VIR. Induction stirring the melt provided the uniform distribution of nanoadditives over the ingot bulk. It was poured at the switched on inductor into a graphite crucible 50-100 mm in diameter with thermally insulated sinkhead with the height of 15-25% of the electrode height. The prepared electrode was poured in an induction furnace chamber in argon for 3-5 h, after which it was recovered from the casting mold and the surface was cleaned to remove the resi dues of the casting form.
The microstructure of prepared alloys and their chemical composition were investigated by scanning electron microscopy (SEM) using a Hitachi S 3400N scanning electron microscope (Japan) equipped with a NORAN X ray energy dispersive spectrometer, which gives the opportunity to perform the electron probe microanalysis (EPMA). The XRD analysis was performed with the help of a DRON 3 diffractometer (Russia) using CoK α and CuK α radiation at angles 2θ = 10°-110°. The concentration of gas impurities was determined by reducing melting using a TC 436 analyzed produced by LECO (United States), while the aluminum content in the alloy was determined by analytical chemistry. Hardness was measured by the Vickers method applying an HVS 50 hardness meter (L.H. Testing Instruments Co, Ltd., China) under a load of 10 N. The results of XRD analysis of half finished prod ucts prepared by SHS casting revealed three phases in the composition of the samples, notably, NiAl, Ni 20 Al 3 B 6 , and (Mo,Cr)B (Fig. 1 and Table 2 ). It is noteworthy that the Ni 20 Al 3 B 6 phase is present in an amount of about 30 wt %; its formation became possi ble due to considerable alloying with boron. Certain properties of τ borides based on the NiAl phase are generalized in [16, 17] , while the possibility to fabri cate this phase by SHS casting is shown in [15, 18] . Lattice parameter a NiAl = 2.869 Å, which indicates the formation of nonequiatomic compound. Dependence of a NiAl on the Ni content (at %) is described by the following equations [19] :
According to the calculation, the amount of Ni in the intermetallic compound with lattice constant a = 2.869 Å is 46 and 58 at % in the case of its lack and excess, respectively.
The investigation into the microstructure (SEM) of half finished products fabricated by SHS casting (Fig. 1) (Fig. 2) . The (Mo,Cr)B phase is presented by light inclusions of preferentially needle shape with a characteristic length of 20-80 μm and grain diameter of 5-15 μm. Such a shape of crystals is caused by the fact that lattice parameters of the orthorhombic phase a and c differ from b more than twofold. The (Mo,Cr)B grains are characterized by considerable liquation: their central part is enriched by higher melt ing Mo, while the periphery is enriched by lower melt ing Cr (Fig. 3) .
The material matrix consists of dark round grains of the NiAl phase, between which the lowest melting phase of the system Ni 20 Al 3 B 6 is arranged. The fourth structural part of the alloy, the hafnium based phase, is presented by equiaxial grains 0.5-2.0 μm in diameter, which are arranged preferentially inside (Mo,Cr)B rains or at their boundaries (Fig. 4) .
The analysis of the microstructure of the samples after SHS casting allows us to assume that the crystal lization follows stage by stage. The first phase, which is crystallized during cooling, is the Hf based phase in a form of small uniaxial grains (most probably, this is one hafnium boride). Then needle like grains of the (Mo,Cr)B phase are crystallized on it as on crystalliza tion centers, and the composition of this phase varies from the center to periphery because of liquation pro cesses. After this, the main structural component of NiAl alloy is crystallized in a form of dendrites, and the Ni 20 Al 3 B 6 compound solidifies in the interdendrite space with the further cooling. Confirmation of the proposed crystallization mechanism is the preferential arrangement of grains of the Hf based phase inside the (Mo,Cr)B grains; the "petaline" shape of the NiAl grains, which is charac teristic of the sections of dendrite colonies; and the almost complete absence of (Mo,Cr)B grains inside the NiAl grains. From here, we can conclude that the (Mo,Cr)B phase moved in the course of the growth of NiAl dendritic colonies along with the moving liquidsolid boundary.
The crystallization of the Ni 20 Al 3 B 6 phase also has its own features presumably associated with the cool ing rate of the melt. It is seen from Fig. 5 that colonies of the simultaneous crystallization of the NiAl highly dispersed intermetallic compound are met inside its coarse grains (the particle size is smaller than 1 μm) inside the τ boride, while no such agglomerations are formed in the course of crystallization of thin (thinner than ~15 μm) In 20 Al 3 B 6 interlayers.
The elemental composition of the phases found using the EPMA is presented in Table 3 . The method does not allow us to reliably determine the content of easy elements (B); therefore, our data give the overes timated value. The results of EPMA of the NiAl phase allow us to unambiguously affirm that the Ni concen tration exceeds 50%; therefore, Eq. (3) was used for its more exact evaluation, and the actual content of Ni in the intermetallic compound was 58 at %. The variation in the ratio of Cr to Mo in periphery and central regions of the (Mo,Cr)B phase confirms the hypothe sis on strong liquation of this structural component.
Structure and Phase Composition of High Boron NiAl Based Alloy after Vacuum Induction Remelting
One essential problem, which is associated with the acquisition of intermetallic alloys by the VIR method, is the variation in their composition. This method var ies over the content of elements and compounds hav ing a high vapor pressure at the smelting temperature, and, in the case of NiAl based intermetallic com pounds, the alloy is depleted firstly by aluminum. This is caused by a high vapor pressure of Al compared with Ni, as well as by the volatility of aluminum suboxides at the smelting temperature. The results of the chemi cal analysis of the Al content in the initial alloy sample after SHS casting and VIR are presented in Table 4 .
Remelting resulted in the loss of the Al concentra tion in the alloy almost by 10 wt %; therefore, subse quent smeltings were performed with foundry alloys providing additional charging the melt computed by 13.5 wt % Al.
The XRD of the samples prepared by VIR with the addition of 1.5 vol % ZrO 2 are presented in Fig. 6 . The alloy is characterized by the presence of four phases: NiAl, Ni 20 Al 3 B 6 , (Mo,Cr)B, and HfB. The lattice parameter of the NiAl phase after VIR remained invariable, and its dependence on the ZrO 2 concentra tion is not revealed. It is noteworthy that a consider able increase in the lattice parameter of the HfB phase from 4.595 to 4.624 Å, as well as its total content in the alloy, are observed with an increase in the ZrO 2 con tent from 0 to 1.5 wt % ( Table 5 ).
The question of the thermodynamic stability of zir conium oxide during remelting is practically impor tant. According to the results of chemical analysis of ingots after VIR (Table 6 ) with the ZrO 2 additive, the oxygen content is lower than 0.01 wt %. However, only due to the introduction of 1.5 vol % (1.34 wt %) ZrO 2 , its amount in the alloy should be no lower than 1.34 × (2Ar O / ) = 0.35 wt %, which exceeds the exper imental data by two orders of magnitude. It seems likely that zirconium oxide is reduced in the course of VIR, while the alloy is enriched with zirconium, which actively reacts with other components, by 1.34 × (Ar Zr / ) = 0.99 wt %.
Despite the reduction of ZrO 2 in the course of smelting, a substantial modification of the ingot struc ture, which depends on the ZrO 2 concentration in the ligature, is observed, which is confirmed by SEM
Ar ZrO 2
Ar ZrO 2 results. In contrast to the initial alloy, where the (Mo,Cr)B phase crystallizes preferentially in the form of nonequiaxial particles up to 600 μm in length (Fig. 7a) and is distributed rather homogeneously over the material bulk, agglomerations of (Mo,Cr)B in the sample with 1.5 vol % ZrO 2 have a form close to equi axial and do not exceed 200 μm in diameter. A consid erable fraction of this phase in the modified ingot was crystallized by dispersed inclusions smaller than 10 μm in size uniformly distributed over the sample bulk (see Fig. 7e ). The results of local EPMA revealed the presence of Zr in the spectra of the (Mo,Cr)B phase (Fig. 8) . This fact allows us to assume that highly dispersed (Hf,Zr)B particles are the crystallization centers for the (Mo,Cr)B phase.
Modification of the alloy insignificantly affected the absolute value of hardness; an increase in H V rela tive to the base sample did not exceed 15 units, and a decrease in the standard deviation from the mathe matical expectation is observed with an increase in the concentration of the alloying additive (ZrO 2 ) due to the uniform distribution of the (Mo,Cr)B phase (Fig. 9) .
A nanomodified billet 530 mm in length and 57 mm in diameter suitable for the further fabrication of gran ules by centrifugal sputtering (Fig. 10) was fabricated according to the results of our investigations from the SHS half finished product by the VIR method. (Mo,Cr)B, and Hf based inclusions. The crystalliza tion mechanism of the alloy is proposed.
(ii) In the course of vacuum induction remelting (VIR), the melt is refined from gas impurities (O, N), which leads to a decrease in their concentration by more than an order of magnitude. A decrease in the Al content in the alloy by 10 wt % is observed, which requires the additional introduction of Al into the melt with the purpose of correcting the composition.
(iii) An inhomogeneous distribution of the (Mo,Cr)B phase, which crystallizes in a form of nonu niaxial grains up to 600 μm in length, is observed in the alloy microstructure after the VIR. A considerable part of this phase is crystallized in a form of dispersed inclu sions smaller than 10 μm in size, which are homoge neously distributed over the sample bulk. An optimal concentration of ZrO 2 , which constituted 1.5 vol %, is selected by the results of our investigations.
(iv) A nanomodified billet of the NiAl based high boron alloy is fabricated from the SHS half finished product by the VIR method. This billet is intended to fabricate spherical granules by centrifugal sputtering.
FABRICATION OF CAST ELECTRODES 515
The alloy has high purity over gas impurities (0.005 wt % O and 0.0001 wt % N) and possesses the relatively homogeneous structure.
